Abstract. We show rotationally summed and rotationally inelastic differential, integral and momentum transfer cross sections for electron scattering by SO 2 in the 3-30 eV impact energy range in the static exchange approximation. Our results were obtained with the Schwinger multichannel method with pseudopotentials, including a first Born approximation to describe the influence of the molecular permanent dipole moment on the scattering cross sections. The rotational excitation cross sections were obtained through the adiabatic-nuclei-rotation approximation. Our results show good agreement with available experimental and theoretical data. The rotationally inelastic cross sections were found to be very large.
Introduction
Among the atmospheric pollutants, SO 2 is one of highest environmental concern [1] . It is also present in the atmosphere of Jupiter and its satellite Io, where the interactions of SO 2 with electrons play an important role in the magnetosphere plasma dynamics [2] .
For the electron-impact energies we study here there is a wide variety of experimental results on electron interactions with SO 2 molecules, such as electron-impact dissociation [3] , ionization [4] , vibrational excitation [5] , total cross sections [6] , and elastic scattering [7, 8] . However, theoretical data are scarce. A theoretical study on electron-impact total ionization cross sections was recently published [9] , but, to our knowledge, there are only two published studies concerning the electron scattering process we address in this paper: the first one shows results for momentum transfer cross sections (MTCS) [10] (along with electronic excitation and ionization cross sections), and the second [11] presents elastic scattering and rotational excitation cross sections. We have also digitized the complex Kohn results [12] shown in [7] as a private communication. In this paper we show elastic (rotationally summed) and rotationally resolved differential cross sections (DCS), integral cross sections (ICS) and MTCS for electron scattering from SO 2 in the 3-30 eV impact energy range, in the static exchange approximation.
Our elastic cross sections were calculated using the Schwinger multichannel (SMC) method [13] implemented with pseudopotentials [14] (SMCPP). The nuclei and the core electrons of each atom (in the present study 1s for oxygen and 1s, 2s and 2p for sulfur) are replaced by the norm-conserving pseudopotentials of [15] and the molecular valence is described within the Hartree-Fock (HF) framework. We have been using this method to study the electron scattering by several different molecules at different levels of approximation. Our most recent applications are elastic scattering by H 2 [16] ; electronic excitation by electron impact of XH 4 (X = C, Si, Ge, Sn, Pb), and H 2 [17] ; elastic scattering and rotational excitations of CF 4 , CCl 4 , SiCl 4 , SiBr 4 and Si 4 [18] ; rotational excitations of Y H 3 (Y = N, P, As, Sb) [19] , and XH 4 (X = C, Si, Ge, Sn, Pb) [20] ; and electronic excitations by electron impact including polarization effects of Na 2 [21] .
The rotational excitation cross sections were calculated through the well known adiabaticnuclei-rotation (ANR) approximation [22] . This approximation was first adapted to electronmolecule scattering problems in 1967 [23] in an application to the scattering of electrons from H + 2 . Gianturco et al introduced symmetry adapted functions to the method, which allowed the study of polyatomic targets [24] .
The SO 2 molecule presents a typical separation between neighbouring rotational levels around 10 −4 eV, and a relatively large dipole moment (1.63 D [25] ). As a consequence, one should expect large rotationally inelastic cross sections, which have indeed been observed by Gianturco et al [11] .
The SMC method is a L 2 method which only requires a good description of the wavefunction within the range of the potential. This characteristic of the method has important implications when long-range potentials (such as the dipole potential) are involved. In this case, square-integrable functions may vanish in the spatial region where the potential still has significant values. In fact, the somewhat large molecular permanent dipole moment produces long-range interactions which are expected to be relevant in e − -SO 2 collisions. To include the effect of the dipole potential in our calculations we use the first Born approximation (FBA) to compute the scattering of an electron by a rotating dipole. There are several applications of the FBA to scattering processes in the literature [26] . Recent applications include, for example, calculations of the first rotational excitation cross sections for H 2 O and NH 3 [27] , high partialwave corrections for electron scattering from non-polar molecules [28] , and corrections to account for the effect of the permanent dipole moment of CO on the positron-scattering process [29] . Our detailed procedure is given elsewhere [19] . The basic idea is to rotationally resolve the elastic cross section and to work with the scattering amplitude for the dipoleallowed (J = 0 → J = 1) rotational excitation. The low partial waves (up to some l = l 1 ) of the (J = 0 → J = 1) scattering amplitude, are described through the SMCPP, while the high partial waves (l 1 < l < ∞) are described through the FBA of the dipole potential. The values of l 1 are, in general, different for each impact energy and are chosen in such a way that the (J = 0 → J = 1) DCS obtained with SMCPP plus Born closure shows the smallest deviation from the pure SMCPP DCS for high scattering angles. To avoid the divergence of the (J = 0 → J = 1) DCS at the incident direction, we take advantage of the rotational energy transfer to make | k in | = | k out |. This procedure enables us to obtain rotationally summed ICS. This paper is organized as follows: the theoretical formulation of both elastic and rotationally inelastic scattering is given in section 2, while computational procedures are detailed in section 3. Our results are shown and discussed in section 4, and the conclusions are presented in section 5. Tables 1-6 show our cross sections, for ready comparison with future works. Our rotationally resolved DCSs are shown at selected energies. 
Theoretical formulation
The SMC method is described elsewhere [13] , and here we only show a brief description of its main features. In this method, the scattering wavefunction is expanded in (N +1)-particle Slater determinants. The coefficients of this expansion are found through the variational stability of the scattering amplitude. The final expression for the scattering amplitude in the molecular body frame is then given by
where
and
In the expressions above, S k i,f are solutions of the unperturbed Hamiltonian (molecular Hamiltonian plus the kinetic energy operator for the incident electron). V is the interaction potential between the incident electron and the molecular target; |χ n is a (N + 1)-particle Slater determinant;Ĥ is the total energy minus the full Hamiltonian of the problem; P is a projector operator onto the open channel space, which is defined by energetically accessible target states; and G (+) P is the free-particle Green function projected onto the space defined by P . All matrix elements but those of χ m |V G (+) P V |χ n , which we call VGV matrix elements, can be calculated analytically. The numerical evaluation of VGV matrix elements [30] is the most time-consuming step of the SMC code, and is drastically reduced with the use of pseudopotentials.
In order to obtain rotational excitation cross sections, the elastic scattering amplitudes, originally calculated in the body-fixed frame (BF) of the molecular target, are transformed into the laboratory-fixed frame (LF) through the relation where
In the expressions above, f lab denotes the elastic scattering amplitude in the LF, D µm are Wigner rotation matrices [31] and f B m are the coefficients of the expansion of the BF scattering amplitude in spherical harmonics. It should also be noted thatk out is the scattering direction in the LF, while k in = (k in , θ in , φ in ) and k out = (k out , θ out , φ out ) are, respectively, the wavevectors of the incident and outgoing particle in the BF. = (α, β, γ ) denotes the Euler angles of the frame transformation. The Oz axis in the LF is defined along the incident directionk in = (α, β) with the Euler angle γ being arbitrary. The ANR approximation expression for the rotational excitation scattering amplitude is given by [22] 
The symmetry-adapted rotational eigenfunctions of an asymmetric top,
It is to be observed that J KM are rotational eigenfunctions of a symmetric top. J is the molecular angular momentum; K and M are, respectively, its projections onto the quantization axis of the BF and LF frames; and τ is a pseudoquantum number used to label [32, 33] . The rotational excitation cross sections are therefore given by
In order to take long-range interactions into account, we use the same approach as [19] . Since one is dealing with excitations departing from the rotational ground state, |J = 0; τ = 0 , the only dipole-allowed rotational transition will be (J = 0, τ = 0 → J = 1, τ = 0), for which a Born closure procedure is applied. Combining the ANR approximation and the FBA, one can obtain an expression for the (J = 0, τ = 0 → J = 1, τ = 0) rotational excitation:
where It is to be observed that equation (12) is the FBA elastic amplitude for the dipole moment potential [34] and not for the full interaction potential. The FBA rotational scattering amplitude, given by equation (11), is analytic and provides fair results in the high partial-wave limit (l → ∞). It is not a good approximation, however, to describe short-range interactions. One can overcome this difficulty by substituting the FBA low partial waves by SMCPP ones:
In the expression above, f
are, respectively, coefficients of expansions of equations (6) and (11) in spherical harmonics. At a given impact energy, l 1 is chosen in such a way that the (J = 0, τ = 0 → J = 1, τ = 0) DCS obtained with SMCPP plus Born closure shows the smallest deviation from the pure SMCPP DCS for high scattering angles. The Born closure approach has two interesting properties: (i) it provides better cross sections at small scattering angles for the (J = 0, τ = 0 → J = 1, τ = 0) rotational excitation; (ii) it provides a way to avoid the divergent behaviour of the (J = 0, τ = 0 → J = 1, τ = 0) rotational excitation DCS. This can be achieved by taking the rotational energy transfer into account to make | k in | = | k out | in equation (12) . These two properties can be extended to elastic differential and ICS by summing the rotationally resolved ones. [11] ; dotted curve: results using the complex Kohn method [12] ; full circles: experiment [7] ; stars: experiment [8] .
Computational procedures
Our basis sets are composed of Cartesian Gaussian functions designed to be used in our pseudopotential description of the molecular target [35] . The exponents are given in table 1. It is important to note that we have not included the symmetrical components of d functions in the calculations (namely (x 2 + y 2 + z 2 ) exp(−αr 2 )), in order to avoid linear dependence in the basis set [18] . Our molecular target is described within the fixed-nuclei approximation, with interatomic distance R (S−O) = 1.431 Å and bond angle O-Ŝ-O = 119.3
• [36] . The experimental dipole moment is 1.633 D (±1%) [25] and our theoretical value, 1.92 D, is 15% higher. In the present implementation of our method, the target can only be described in a single-determinant HF framework. As a result, the theoretical dipole moment value cannot be improved, although it might be a source of error. It is to be observed, however, that we have been able to obtain differential and integral rotationally summed cross sections in good agreement with the experimental data, even though HF dipole moments are always overestimated (see Varella et al 1999a [16] and also [19] ).
In all rotational cross section calculations performed, with the exception of the 00 → 10 excitation, the partial-wave decompositions of the elastic scattering amplitudes, equation (1), were truncated at = 9, and integrations were carried out using Gauss-Legendre quadratures with 512 points (16 for 0 θ π and 32 for 0 φ 2π ). We have checked convergence of our cross sections through partial-wave analysis and found the above Figure 2 . DCS for e − -SO 2 scattering at 10 eV and 12 eV. Left panels: same as figure 1. Right panels: elastic (rotationally summed) cross sections. Solid curve: present rotationally summed DCS (SMCPP + FBA); dashed curve: rotationally summed DCS of [11] ; dotted curve: complex Kohn results [12] ; full circles: experiment [7] ; stars: experiment [8] . [11] ; full circles: experiment [7] ; stars: experiment [8] .
Results and discussion
In figures 1-4, we show rotationally summed differential cross sections (RSDCS) and also J = 0 → J = 0, 1, 2, 3, 4 rotational excitation cross sections, summed over the pseudoquantum number τ . For comparison purposes, we have included the theoretical elastic cross sections of [11, 12] and the experimental data of [7, 8] . There is, in general, good agreement between theoretical and experimental results, even though the rotationally summed cross sections of [11] show a smooth oscillation at 10 eV and above, for angles beyond 70
• . Our rotationally summed results and those of [12] do not show this oscillation and are in very good agreement with the experimental data of [7, 8] . Figures 1-4 show that the J = 0 → J = 1 rotational excitation dominates the collision process for small angles for impact energies below 15 eV, as suggested by Gianturco et al [11] .
In figure 4 we also include the J = 0 → J = 0, 1, 2, 3, 4 rotational excitation cross sections of [11] . Apart from the fact that there are some significant discrepancies between the two sets of results for particular rotational excitations (see, for example, the J = 0 → J = 0 curves for angles between 75
• and 150 • ), the rotationally summed cross sections produced by the two different methods are in good agreement, showing only small discrepancies at high angles.
The calculations of [11] include a description of the distortion of the molecular target due to the electric field of the incoming electron through a model correlation-polarization potential. [12] ; squares: theory of [11] ; full circles with error bars: experiment [7] ; diamonds: experiment [8] .
We have not included the description of these polarization effects in our calculations, and there are several aspects of the problem of the electron scattering from SO 2 molecules that lead us to believe that these effects could be neglected without too much degradation of our final results. Polarization effects are known to be more important for small impact energies, so that one should expect them to have little influence on the cross sections for the energy range we study here. The average polarizability of this molecule is relatively small (4.28 × 10 −24 cm 3 [37] ), indicating a small average response to an external field. Thus, the dipole potential produced by the somewhat large molecular dipole moment is expected to dominate the long-range electron scattering process. The agreement between our results and the experimental DCS, especially for small angles, seems to indicate that this may actually be the case.
In figure 5 we show our ICS compared with theoretical and experimental results from the literature. The solid curve shows our SMCPP plus Born closure rotationally summed results and the long-dashed curve shows our pure SMCPP elastic (rotationally unresolved) cross sections. There is a significant difference between our SMCPP and SMCPP + FBA results, pointing out that the molecular dipole potential plays a very important role in the scattering process for energies below 15 eV, as expected. Our SMCPP + FBA results agree well with the experimental points of [7] for this energy region. For energies above 15 eV, some discrepancy is found, but our cross sections do not violate the error bars of Gulley et al [7] . There is also good agreement between our calculations and those of [12] (dot-dashed curve). The ICS of [11] (dotted curve) seem to be overestimated, especially for energies below 15 eV.
Our MTCS, shown in figure 6 , present a maximum at 5 eV, which is also seen in the measurements of Gulley et al [7] . The exact position of the experimental maximum is difficult to determine due to the spacing between experimental points. Our calculations also agree with complex Kohn results of [12] , for energies above 10 eV, but their maximum appears at about 10 eV. The result of [10] also shows the maximum shifted by about 5 eV in energy, when compared with ours. Although the ICS of Gianturco et al [11] is too large, the MTCS Figure 6 . MTCS for e − -SO 2 scattering. Solid curve: SMCPP plus Born closure result (rotationally summed); long-dashed curve: pure SMCPP result (rotationally unresolved); triangles: theory of [10] ; stars: complex Kohn result [12] ; squares: theory of [11] ; full circles with error bars: experiment [7] ; diamonds: experiment [8] . show good agreement with experimental data beyond 10 eV. This fact, along with the good agreement observed in the DCS (see figures 1-4) , may indicate that they are overestimating the small scattering angle contribution to the ICS. The two sets of experimental data show only a qualitative agreement with each other, but the data points of each set of results fall inside the other result's error bars. This picture clearly illustrates that the electron scattering by SO 2 molecules still has many problems to be solved, especially as far as theory is concerned.
In figures 7 and 8, we show, respectively, our rotational ICS and MTCS for J = 0 → J = 0, 1, 2, 3, 4 excitations, summed over τ , compared with the results of Gianturco et al [11] . There is a reasonable agreement in shape, but, quantitatively, the results are somewhat discrepant. This was to be expected since there was no good agreement in the rotationally summed cross sections of figures 5 and 6. Finally, in figure 9 , we show rotationally elastic and inelastic rotationally summed ICS including J = 1-7 (solid and dashed curves, respectively). The ICS for the dipole-allowed (J = 0 → J = 1) excitation (dotted curve) is also shown for comparison purposes. The rotationally summed inelastic ICS is larger than the rotationally elastic ICS for E < 15 eV. It is also interesting to observe that the (J = 0 → J = 1) ICS is larger than the rotationally elastic ICS for E < 5 eV, indicating that long-range dipole interactions dominate the low-energy scattering. For higher impact energies, however, one notices a very important contribution of the higher excitations to the rotationally summed inelastic ICS. 
Conclusions
The combination of SMCPP, FBA and ANR approximations has provided an efficient tool to study elastic and rotationally inelastic electron scattering by SO 2 molecules. Our integral and momentum transfer elastic (rotationally summed) cross sections are in good agreement with available experimental data, especially at lower incident energies (E < 15 eV). A very good agreement with experiment is also found in the differential elastic cross sections, even at low energies such as 3.4 and 5 eV. Since we have performed static-exchange calculations, this fact indicates that the long-range dipole interactions may be more relevant in the description of the scattering process than polarization effects. Our elastic DCSs also agree well with the results of Gil and Rescigno [12] and of Gianturco et al [11] , but there were some discrepancies between our results for ICS, MTCS and rotational excitations and the theoretical results of [11] (figures 5-8).
We have also found that rotationally inelastic cross sections for e − -SO 2 collisions are very large, exceeding the rotationally elastic cross sections at lower energies (E < 15 eV). Although the dipole-allowed (J = 0 → J = 1) rotational excitation is always relevant, it was found that higher rotational excitations also give significant contributions to the rotationally summed inelastic ICS.
